Introduction
Hypertension is a major risk factor for stroke. 1 In patients with ischaemic stroke, post-stroke hypertension has been shown to have a beneficial effect due to a pressure-dependent cerebral blood flow to the ischaemic regions. 2 However, other studies have shown that post-stroke hypertension is associated with an increased incidence of recurrent stroke, 3 haemorrhagic transformation and cerebral oedema in the short term. 4, 5 As such observational studies on the relationship between blood pressure (BP) and short-term outcomes have been conflicting. 3, [6] [7] [8] [9] [10] [11] [12] Moreover, limited data exist on the association of either the pulsatile component of BP [pulse pressure (PP)] or the steady component [mean arterial pressure (MAP)] on outcomes. 13 Our objectives were: (i) to evaluate the association between admission BP on in-hospital outcomes in patients with an acute ischaemic stroke; (ii) to evaluate if the above relationships change with the receipt of thrombolytic therapy; and (iii) to evaluate if MAP or PP are stronger predictors of in-hospital mortality than systolic or diastolic BP alone.
Methods

Patient selection
Patients in the Get With The Guidelines-Stroke (GWTG-Stroke) registry hospitalized with ischaemic stroke were considered for this study. The GWTG-Stroke program is a voluntary quality improvement program across the USA, which collects information on stroke admission. 14 The institutional review boards at the participating centre determined that the study was exempt and hence no individual patient consent was required. 14 The reliability of the data collected in GWTG-Stroke has been shown to be excellent. 15 
Inclusion and exclusion criteria
Patients with a diagnosis of ischaemic stroke, where patients presented <4.5 h after symptom onset, between 2003 and 2014 were included.
Patients with symptoms lasting <24 h but with radiographic evidence of ischaemic injury, or those with symptoms lasting > _24 h, were classified as ischaemic stroke. 16 Case ascertainment of admissions for ischaemic stroke was conducted by prospective clinical identification and retrospective identification with International Classification of Diseases (9th revision) discharge codes (433.xx, 434.xx, and 436 for ischaemic stroke), followed by chart review to confirm case eligibility, or a combination of both approaches. Sites were instructed to follow AHA/ASA guidelines for definition of ischaemic stroke 17 ; these include that ischaemic stroke can be diagnosed when symptoms are present beyond 24 h even in the absence of neuroimaging evidence of brain infarction. To exclude haemorrhagic stroke, neuroimaging is required. A limited number of admissions had a final diagnosis of stroke of uncertain type, which were predominantly cases where neuroimaging could not be performed. In this analysis, we have limited the study cohort to those with a final diagnosis of ischaemic stroke.
Patients were excluded if: (i) they were transferred in from another facility; (ii) transferred out to another acute care facility; (iii) left against medical advice or if the discharge status was unknown; and (iv) admission systolic or diastolic BP was missing or if the BP values were out of valid range (diastolic BP > _systolic BP pulse pressure <20 mmHg or >230 mmHg, MAP <30 mmHg or >220 mmHg).
Blood pressure variables
Admission systolic and diastolic BP was recorded for each patient. Mean arterial pressure was calculated using the formula MAP = [systolic BP þ (2*diastolic BP)]/3. Pulse pressure was calculated as the difference between systolic and diastolic pressures.
Outcomes of interest
Outcomes of interest were: (i) in-hospital mortality; (ii) inability to ambulate independently at discharge (defined as inability to ambulate without the assistance of another person with or without device use, and derived from chart notes including assessments by physical therapists); and (iii) not discharged home (includes those patients that died in hospital or were discharged to another (non-acute) care facility or to hospice care). In addition, haemorrhagic complications of thrombolytic therapy (defined as symptomatic intracranial haemorrhage (sICH) or life threatening haemorrhage within 36 h) were evaluated. Symptomatic intracranial haemorrhage was defined as intracerebral haemorrhage within 36 h, documented by computed tomography or magnetic resonance imaging and by the treating physician's notes indicating clinical deterioration attributable to haemorrhage. This definition is based on the criteria for sICH established in the National Institute of Neurological Disorders and Stroke (NINDS) tPA trials. 18 The AHA/ASA guidelines provide recommendations for treatment criteria for thrombolysis, and GWTG recognition programs reward hospitals that adhere to AHA/ASA guidelines. Nonetheless, ultimately the decision to administer thrombolytic therapy is made at the discretion of the treating physician. ; all other covariates were missing in <3%) were imputed using multiple imputations (25 imputations). All models used generalized estimating equations to account for within-hospital clustering. Each admission BP variable was assessed for the linearity of its relationship with each outcome. In each case, a 5th order polynomial best captured the non-linearity. To demonstrate these relationships, for each BP variable, a reference BP value was chosen corresponding to the point of lowest predicted risk (rounded to nearest 10 mmHg) in the in-hospital mortality model. This corresponded to a systolic BP of 150 mmHg, diastolic BP of 70 mmHg, MAP of 100 mmHg, and a PP of 80 mmHg. We then tabulated odds ratio (OR) and their 95% confidence interval (CI) for outcomes at BP values in 10 mmHg increments, over the full range of values, compared with the reference value. To display the relationship between BP and outcomes, we graphed the adjusted OR compared with the reference values, along with observed event rates for groups defined by 10 mmHg increments. The range for each BP variable shown in the graphs is approximately the 1st-99th percentile of its distribution
Statistical analysis
To evaluate the interaction between BP variables and thrombolytic treatment and outcomes, terms for thrombolytic treatment and the interaction between thrombolytic treatment and each BP measurement were added to the above models. To evaluate the relative contribution of BP variables to in-hospital mortality models we used the F-statistics from the above models. The F-test assesses whether the measure is associated with the outcome, conditional on all other covariates, with the largest Fstatistic demonstrating the closest association with in-hospital mortality risk. In addition, the C-index was calculated for each BP variable.
Sensitivity analysis was performed in the subset of patients with NIH stroke scale data. These models included the NIH stroke scale as a covariate in the model. NIH stroke scale score is a measure of neurologic deficits ranging from 0 to 42, with higher score for greater stroke severity. 19 All statistical analyses were performed using SAS version 9.2 (SAS Institute, Cary, NC, USA). All P-values were 2-sided, with P < 0.05 considered statistically significant.
Results
A total of 309 611 patients with an ischaemic stroke fulfilled our criteria (see Supplementary material online, Figure S1 ). Among them, 81 358 (26%) patients received thrombolytic therapy of whom 4564 (5.6%) had a haemorrhagic complication (3726 had sICH; 738 had life-threatening systemic haemorrhage; and 100 had both).
Baseline characteristics
Of the 309 611 patients, systolic BP > _140 mmHg was observed in 73% and diastolic BP > _90 mmHg in 34%. Moreover, systolic BP > _185 mmHg was observed in 19% and diastolic BP > _110 mmHg in 8% of patients. Patients who were in the higher quintile of systolic BP were more often older, women, black, presented during offhours, had higher LDL cholesterol levels, lower NIH stroke scale but less likely to arrive using the emergency medical service compared with those in the lower quintile ( Table 1) myocardial infarction, smoker, chronic heart failure but more likely to have hypertension, diabetes or carotid stenosis when compared with those in the lower quintile of systolic BP (Table 1) . Moreover, patients who were in the higher quintile of systolic BP were less likely to be on antithrombotics, antiplatelets, anticoagulants or receive thrombolytic therapy but more likely to be on antihypertensive agents when compared with those in the lower quintile ( Table 1) .
Systolic blood pressure and outcomes
There was a J-shaped/U-shaped relationship between systolic BP and in-hospital death, not discharged home, and inability to ambulate independently at discharge such that both at higher and lower systolic BP below and above 150 mmHg, the odds (unadjusted and adjusted) of these outcomes increased ( Figure 1 and see Supplementary material online, Table S1 ). 
Diastolic blood pressure and outcomes
Similar to the above, there was a J-shaped/U-shaped relationship between diastolic BP and in-hospital death, not discharged home, and inability to ambulate independently at discharge such that below and above 70 mmHg, the odds (unadjusted and adjusted) of these Figure 1 Relationship between systolic blood pressure and outcomes in patients presenting with an ischaemic stroke. Adjusted odds ratio (OR) and 95% confidence interval (CI) are shown for each 10 mmHg change away from the reference value (150 mmHg).
outcomes increased (Figure 2 and see Supplementary material online, Table S2 ). However, the J-shaped/U-shaped relationship was not seen for complications of thrombolytic therapy ( Figure 2 ).
Mean arterial pressure and outcomes
Similarly, there was a J-shaped/U-shaped relationship between MAP and in-hospital death, not discharged home, and inability to ambulate independently at discharge such that below and above 100 mmHg, the odds (unadjusted and adjusted) of these outcomes increased (see Supplementary material online, Figure S2 and Table S3 ). However, the J-shaped/U-shaped relationship was not seen for complications of thrombolytic therapy (see Supplementary material online, Figure S2 and Table S3 ).
Pulse pressure and outcomes
Similarly, there was a J-shaped/U-shaped relationship between PP and in-hospital death, not discharged home and inability to ambulate independently at discharge such that below and above 80 mmHg, the odds (unadjusted and adjusted) of these outcomes increased (see Supplementary material online, Figure S3 and Table S4 ). However, the J-shaped/U-shaped relationship was not seen for complications of thrombolytic therapy (see Supplementary material online, Figure S3 and Table S4 ).
Influence of thrombolytic therapy
For systolic BP and outcomes, the test for interaction was significant for the outcomes of in-hospital mortality (P < 0.0001), inability to ambulate independently (P < 0.0001), or not discharged home (P = 0.001) such that at low values of systolic BP, patients not treated with thrombolytic therapy had a higher odds of these adverse outcomes than did patients treated with thrombolytic therapy (Figure 3) .
For high values of systolic BP, the odds of adverse outcomes were higher in those treated with thrombolytic therapy than those who were not treated with thrombolytic therapy (Figure 3) . For PP and outcomes, the results were largely similar to the above (see Supplementary material online, Figure S6 ). For diastolic BP (see Supplementary material online, Figure S4 ) and MAP (see Supplementary material online, Figure S5 ), the test for interaction was significant for in-hospital mortality such that for extremes of BP values, the odds of in-hospital death were higher in those not treated with thrombolytic therapy than those who were treated with thrombolytic therapy.
Sensitivity analysis
Sensitivity analyses restricted to the cohort with data on NIH stroke scale were largely similar (see Supplementary material online, Table S5 ).
Relative contributions of blood pressure variables to in-hospital mortality
All four BP variables were significant predictors of in-hospital mortality with the F-statistic being highest for MAP (180.83) followed by diastolic BP (152.51), systolic BP (139.80) and pulse pressure (92.96). However the C-statistics of the models were largely similar (0.7167, 0.7162, 0.7154, and 0.7161, respectively).
Discussion
The present study of 309 611 patients with ischaemic stroke, the largest to date, showed a J-shaped/U-shaped relationship between admission BP variables (systolic, diastolic, MAP, or pulse pressure) and short-term outcomes including in-hospital death, not discharged home, and inability to ambulate independently at discharge such that the odds of these outcomes were higher in those with presenting BP less than or greater than the reference range of BP (systolic BP of 150 mmHg, diastolic BP of 70 mmHg, MAP of 100 mmHg, and a PP of 80 mmHg). However, no J-shaped/U-shaped association was seen for haemorrhagic complications associated with thrombolytic therapy. Moreover, all four BP variables were predictors of in-hospital death with the strongest predictor being MAP.
Patients with acute ischaemic stroke commonly present with poststroke hypertension as a result of pre-existing hypertension, 20 mental stress, 20 centrally mediated mechanism, 21 or neuroendocrine factors (activation of sympathetic nervous system, renin-angiotensin system, and glucocorticoid systems). 20, 22 In our study, 73% and 34% of patients presented with post-stroke hypertension (systolic BP > _140 mmHg or diastolic BP > _90 mmHg, respectively). Moreover, 19% and 8% of patients presented with a systolic BP > _185 mmHg or diastolic BP > _110 mmHg, respectively, a BP range that is considered to be a relative contraindication for thrombolytic therapy. Although the majority of patients with acute stroke present with elevated BP, data suggest that there is spontaneous reduction of BP within days following the acute event in the majority of patients. 7, 23 Clinical studies of the autoregulation of the cerebral blood flow suggest a pressure-dependent cerebral blood flow to the ischaemic regions of the brain and hence a potential beneficial effect of poststroke hypertension.
2 As such few studies have shown better functional recovery in patients who presented with higher BP. [6] [7] [8] However, other studies suggest a deleterious effect of post-stroke hypertension including increased incidence of recurrent stroke, 3 haemorrhagic transformation, and cerebral oedema. 4, 5 As such, data from the International Stroke Trial (IST) of 17 398 patients showed that the risk of early death was independently associated with higher systolic BP. 2 However, the results from observational studies have been conflicting with a meta-analysis of 32 studies with 10 892 patients failed to show an association between systolic BP, diastolic BP or MAP on death, although each of these were associated with the composite outcome of death or dependency in ischaemic stroke. 11 Other studies have shown no statistically significant relationship between casual BP measures including systolic, diastolic and MAP and mortality in patients with acute stroke. 12 On the other hand, a few other studies have shown a U-shaped/J-shaped relationship between BP and outcomes such that not only high BP but also low BP was associated with poor outcome. 3, 9, 10 There are a number of limitations of the prior studies including inclusion of patients with both ischaemic and haemorrhagic stroke, use of very few categorical cut-points for BP (likely driven by sample size), the use of linear models to evaluate association of BP and outcomes and not adjusting for baseline confounders. Moreover, there are limited studies evaluating MAP and pulse pressure on outcomes. In addition, the relative prognostic value of various BP variables has not been explored previously. Our study in over 300 000 patients with ischaemic stroke is the largest series thus far and provides important insights into the association of BP variables and outcomes: (i) there was a U-shaped/J-shaped relationship between BP variables and outcomes suggesting that both low-and high-BP values are Central Figure Relationship between various blood pressure indices and in-hospital death in patients presenting with an ischaemic stroke.
Adjusted odds ratio (OR) and 95% confidence interval (CI) are shown for each 10 mmHg change away from the reference value (150 mmHg).
Blood pressure and outcomes after ischaemic stroke associated with poor outcomes; (ii) the J-shaped/U-shaped relationship was not seen for the outcome of haemorrhagic complications of thrombolytic therapy, suggesting that the risk of haemorrhagic complications with thrombolytic therapy increases with higher BP values (consistent with prior literature); (iii) an interaction was observed between systolic pressure and thrombolytic therapy and in-hospital death such that at low values of systolic BP, patients not treated with thrombolytic therapy had higher in-hospital death, lower likelihood of independent ambulation and were less likely to be discharged home than patients treated with thrombolytic therapy; and (iv) all four BP variables were predictors of in-hospital death with the strongest predictor being MAP.
Although the association between BP variable, thrombolytic therapy and outcomes may not be causal, this may be explained by the fact that patients who are not reperfused (with thrombolytic therapy) are less likely to tolerate lower cerebral perfusion resulting from a low systolic pressure. This could also represent prescription bias in that patients with low values of systolic BP may have increased comorbidities and frailty where thrombolytic therapy may have been held due to overall poor prognosis. On the other hand, for high values of systolic BP, the odds of poor outcomes were higher in those treated with thrombolytic therapy than those who were not treated with thrombolytic therapy, suggesting perhaps that at higher systolic BP the risk of thrombolytic therapy may outweigh the benefits.
The J-curve association and especially the higher event rate at lower BP values seen in this study can be hypothesized by a number of factors: (i) The worse outcomes in patients with lower BP may be attributed to decreased cerebral perfusion in patients with ischaemic stroke who are critically dependent on pressure-dependent perfusion of ischaemic area; (ii) The worse outcomes with lower BP could also be related to increased cardiovascular events in patients with low BP [24] [25] [26] ; and (iii) Low BP may represent inability to mount an hypertensive response resulting from increased comorbidities and frailty and thus may be an epiphenomenon of comorbidity burden.
Study limitations
The study did not assess follow-up BP or use of antihypertensive therapy on outcomes. Admission BP can be influenced by anxiety, frustration, etc. However, the finding that bleeding from thrombolytic therapy increased with elevated BP (consistent with prior literature) perhaps points to the fact that these measurements are likely not spurious. In addition, the study evaluated in-hospital outcomes only. Social factors could also have impacted the discharge destination. However, since the intention of the analysis was to compare this outcome between BP subgroups, this should not differentially affect any one BP subgroup. In addition, prior analyses show that stroke severity is the major determinant in home discharge and higher NIHSS is strongly associated with not discharged home. Although the multivariable models adjusted for many baseline confounders it does not account for unmeasured confounders such as frailty. The decision to use thrombolytic therapy for patients with ischaemic stroke was left to the treating physician. In addition, the study tests associations and cannot rule out whether a high/low BP is a marker of worse outcomes.
Conclusions
In summary, data from over 300 000 patients with ischaemic stroke showed a J-shaped/U-shaped relationship between BP variables and in-hospital outcomes, including death, such that there were higher adverse events in the groups with higher and lower BP above the reference range (Central Figure) . However, no J-shaped/U-shaped relationship was seen for the outcome of haemorrhagic complications of thrombolytic therapy. The test for interaction was significant for systolic BP and thrombolytic therapy such that patients who underwent thrombolytic therapy had lower odds of in-hospital outcomes at lower BP values indicating perhaps that they tolerated lower systolic BP better than those who did not undergo thrombolytic therapy. Finally, all four BP variables were predictors of inhospital death.
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